During the operation of turbines, one of the common accidents is due to the structure failure of blades. The contact model with strong non-linearity and time variation makes it difficult to be analyzed. In this paper, firstly, the contact model is described by using fractal theory. Secondly, the new method for the optimization of turbine blade is proposed, which is a kind of structure with local nonlinearity and multi degree of freedom. The method reduces the number of degrees of freedom by forming a new super element, which makes the linear part of turbine blade without repeated calculation in the non
Introduction
Blade is one of the core components of the steam turbine unit and its reliability directly influences the operation status of the whole turbine [1] . Due to long-term work in the environment with high temperature, high pressure, high speed, and wet steam, blade bears a common effect of centrifugal force, steady air force, air force, and corrosion. It often leads to large local stress of blade, vibration fatigue, corrosion damage and other problems [2, 3] . Thus, it is of great significance to improve the turbine blade design and blade strength.
Since the fractal theory was proposed by Mandelbrot, the fractal theory has been widely used in natural science and social science studies, and tribology is no exception. Sayles et al. [4] found that many engineering surfaces exhibit similar spectra particularly in the longer wavelength irregularities. Thomas et al. [5] indicated that most of the engineering surfaces present disorder, self-similarity, non-stationary, and self-affinity. Majumdar et al. [6, 7] deduced the functions related to fractal dimension to describe the rough surface and established a fractal model of elastic plastic contact between rough surfaces. The rough surface of friction is of self-similarity, thus using fractal theory to establish the contact model of blades is an effective method.
From the point of the material of the blade, it is difficult to improve the strength properties of the material. As a result, the optimization of blade structure for the blade --------------strength enhancement is a reasonable choice. Some scholars use different computational methods to discuss the influence of some key sizes of root on the strength status and the vibration characteristic of blade root and rim [8] [9] [10] [11] [12] . More recently, some blade structure analyses and structure optimization research are developed, which improve the blade reliability to some extent [13] [14] [15] [16] [17] .
It has been seen from the studies at home and abroad that scholars improve the blade strength mainly by changing the structures of roots, rims, and shrouds. When the number of iterations is quite large with the conventional finite element method (FEM) used, there will be some bad situation such as time-consuming and large computer memory demands. Therefore, it is very necessary to look for a more reasonable and efficient method to optimize the blade root and rim structure.
The main aim of the paper is to propose an optimization method combined substructure method and genetic algorithm, which is employed in optimization of structures with local non-linearity.
The new method for optimization

Finite element method
The finite element is a numerical technique for finding approximate solutions to boundary value problems for partial differential equations.
Consider the following dynamic differential equation in structure:
where
where Ω is the solution domain, X -the point in solution domain, u -the displacement, D -the constitutive matrix, and f -the force. Let δu be an admissible variation of displacement u, then multiplying eq. (1) by δu and integrating over Ω gives:
Defining:
Equation (3) reads:
where [K] is the stiffness matrix and {F} d is the load vector.
Fractal behavior of friction
The rough surface of friction has a fractal feature, which means the local rough sketch is similar to the whole rough sketch. This self-similarity behaves as unlimited nest in math.
This feature can be described by the fractal theory. In the fractal geometry, the fractal feature is described by fractal dimension and fractal length. Studies show that the fractal feature of rough surface has no relationship with fractal dimension [6] . Assuming the rough surface is divided into N parts, and one part is similar to the surface with a scale γ. Here, the fractal dimension can be defined by:
where D f is the fractal dimension which is not always integers.
Substructure method
Substructure method reduces the number of degree of freedom (DOF) and is divided into three stages: generation pass, use pass and expansion pass ( fig. 1 ). Combining the work in this article, generation pass combines the linear parts of the whole elements into a super element in order to reduce the DOF. Use pass combines the super element with ordinary elements which refers to the non-linear parts of the whole elements through coordination of boundary conditions. After the use pass, complete solutions for ordinary elements and reduced solutions for super element are obtained. For this paper, the object function value is the maximum equivalent stress in the contact area, so the result can be obtained just after use process.
Consider the equation of static analysis:
where F d includes temperature, nodal and pressure loads. Thus, eq. (8) can be written:
where the nodes in the interface group are called the master DOF represented by the subscript m, while the nodes in the non-interface group are called slave DOF represented by the subscript s.
Expanding it, we obtain: By solving eq. (11), we have:
Substituting eq. (12) into eq. (10), we obtain:
Equation (13) is written:
are the new stiffness matrix and load vector of new super element, respectively. In this way, the number of the DOF is reduced.
Numerical analysis
Characteristics of the optimization method
In order to test the feasibility of substructure method for the structure optimization, a blade model with local non-linearity was constructed. Figure 2 shows the 3-D model and mesh of the blade structure. Through different mesh generation method, five kinds of models with different mesh sizes are obtained. The finite element model of the blade is divided into three parts. The non-linear portion (part 2) that refers to the contact area needs to be retained as normal finite elements, while the other two parts (part 1 and part 3) are used to form the super element. Parameters of these models are listed in tab. 1. The process of applying substructure method is illustrated in fig. 3 . The purple surface at the end region of blade body and rim (1) is the master DOF, which represents nodes on the interface between the linear portion and the non-linear region. The blue outline (2) indi- cates the super-element generated by the linear portion. In order to study the characteristics and advantages of the substructure method, calculations for five different models are conducted by using FEM. Results of the two methods are shown in figs. 4 and 5.
As can be seen from fig. 4 , for the five different kinds of models, the error between the results of two different methods is less than 0.01%. We can draw the conclusion that the results of the substructure method are of high accuracy, so it can be used for the structure opti- mization of blades. In fig. 5 , it is found that the more DOF of the model are, the longer the calculation time of FEM and generation pass of the substructure method is, but the time of use pass of substructure method changes little. This is because the amount of the computation of the FEM and generation pass of the substructure increase significantly with the DOF of models, eventually overtakes the computer's memory. Calling virtual memory will affect its calculation speed. However, due to the formation of the super element in substructure method, the DOF of the blade model is reduced, which makes the increasing DOF have no effect on the calculation amount of the use pass of the substructure method.
The optimization processes of FEM and substructure method are shown in fig. 6 . As can be seen from the previous analysis, the most time-consuming process of the substructure method is the generation pass, but in the optimization with the substructure method used, only one generation pass is required. So the time of generation pass is distributed equally to every calculation in the optimization progress, and the time of generation pass can be ignored when the number of iterations of the optimization process is large. Thus when comparing the substructure method with FEM applied in structure optimization, it just needs to take the time of the use pass of substructure method into account. This is the primary reason for the employment of the substructure method in the structure optimization.
Structure optimization of the blade
The shape of root and rim is shown in fig. 7 . Considering how the critical size affects the stress distribution, the root and rim's shape is defined by twelve design variables.
In order to improve the strength properties of double-T blade, the maximum equivalent stress at the non-linear portion is taken as an objective function value. This is because the stress concentration usually occurs at the contact region between blade root and rim. The optimal goal is to minimize the objective function value by iterative control with the optimization algorithm used. In this paper, we select genetic algorithm for optimization of the strength properties of a double-T blade [18] .
The comparison of equivalent stress contours of blade root and rim between the initial design and optimal design is illustrated in fig. 8 . According to the comparison, the stress distribution in the rim is similar. The stress concentration lies on the first tooth in the rim. The value of maximum equivalent stress before and after the optimization is 537.60 MPa and 466.7 MPa, respectively, with a reduction of 13.19%, which improves the strength property of the blade. Divide the total computing time by the amount of calculation and then the average time can be obtained. The average time of traditional FEM and optimization by substructure method is 3166 seconds and 176 seconds, respectively, which means the substructure method increases the computational speed by seventeen times.
